Brewers' spent grain (BSG) and spent yeast cell (SYC) are the wastes from mashing and fermentation process of beer. The compositions of BSG were 24.49 ± 0.91% hemicellulose, 20.86 ± 0.60% cellulose and 9.62 ± 0.40% lignin, while those of SYC were 46.97 ± 0.07% protein, 21.32 ± 0.08% carbohydrate and 5.73 ± 0.57% lipids. BSG and SYC were acid hydrolyzed using different solid loadings at 5-24%. The optimal solid loadings for BSG and SYC that gave maximum sugar concentration were 15% and 24%, respectively. Sugar compositions in BSG hydrolysate were 22.02 ± 0.8% glucose, 45.83 ± 1.53% xylose, and 32.13 ± 2.3% arabinose, while those found in SYC hydrolysate were 31.43 ± 0.38% glucose and 69.57 ± 1.04% mannose. Both hydrolysates were used as nutrient sources at the same sugar concentration of 40 g/L for cultivation of three oleaginous yeasts, Trichosporonoides spathulata JU4-57, Rhodotorula mucilaginosa G43 and Yarrowia lipolytica TISTR 5151. BSG hydrolysate gave higher biomass than SYC hydrolysate possibly due to a higher content of suitable sugars for cell growth. Among three yeasts, T. spathulate JU4-57 gave the highest lipid yields of 62.9 ± 5.67 and 39.9 ± 0.62 mg/g-substrate on BSG and SYC hydrolysates, respectively. This study may contribute greatly to low-cost production of oil sources for biodiesel production and may help to increase the environmental and economic sustainability of the brewery business.
INTRODUCTION
Microbial lipids produced by oleaginous microorganisms are presently being explored as renewable oil sources for biodiesel production. They have benefits over the plant oils such as being unaffected by seasons, higher productivity, shorter life cycle, and easier to scale up [1, 2] . Oleaginous yeasts are better suited as lipid producers due to their relatively high unicellular growth rate and their ability to use low-cost fermentation media such as industrial by-products and wastes [3, 4] .
The brewing industry produces relatively large quantities of wastes, mainly brewers' spent grain (BSG) and spent yeast cell (SYC) [5] . BSG is the insoluble fraction of the wort separated in the mashing section during beverage production. It is the largest waste generated at 15-20 kg per 100 L of beer and more than 30 million tons annually worldwide. It consists principally of lignocellulose materials [6, 7] . SYC is the yeast cells separated after beer fermentation. It is rich in carbohydrates, proteins, and precursors for the food, chemical, and energy industries [5, 8, 9] . They are widely available and are low-cost organic resources with a potentially high nutritional value [10] [11] [12] [13] . The use of the brewery wastes as valuable product streams could contribute to the environmental and economic sustainability of the brewery business. Therefore, this study aimed to use BSG and SYC as low-cost nutrient sources for cultivation of oleaginous yeasts. It should be noted that BSG and SYC are solid wastes that have to be hydrolyzed into fermentable nutrients, i.e. sugars and nitrogen, by acid prior to their use as nutrient sources for the yeasts.
In addition to the availability of sugars, carbon-to-nitrogen (C/N) ratio is one of the important factors affecting both cell growth and lipid accumulation. Although high C/N ratio can facilitate the accumulation of lipids as carbon reserve material [14] , too high C/N ratio or very low nitrogen will depress cell propagation, which in many cases restricts biomass production [15] . Accompanying the fermentable nutrients, the hydrolysis of these materials by acid would be accompanied by some derivatives of sugars such as furfural, 5-hydroxymethyl furfural and acetic acid. These compounds may inhibit both cell growth and sugar utilization by the yeasts during fermentation. The inhibitory levels of these compounds have been reported to be in the range of 0.5-4 g/L [16] .
In this study, BSG and SYC were acid hydrolyzed and the effects of solid loadings on sugar production, nitrogen content, and C/N ratio were evaluated. The concentrations of sugar derivatives were also determined. The hydrolysates with high sugar concentration were chosen as nutrient sources for lipid production by the potent oleaginous yeasts that could grow on industrial wastes [17] [18] [19] including Trichosporonoides spathulata JU4-57, Rhodotorula mucilaginosa G43 and Yarrowia lipolytica TISTR 5151.
MATERIALS AND METHODS

Microorganisms and media preparation
Potent oleaginous yeasts, Trichosporonoides spathulata JU4-57 and Rhodotorula mucilaginosa G43 were obtained from the Bioprocess Engineering Laboratory (Faculty of Agro-Industry, Prince of Songkla University, Kho Hong, Thailand). Yarrowia lipolytica TISTR 5151 was obtained from The Thai Institute of Science and Technology (TISTR). The yeast extract-peptone-dextrose (YPD) medium for preparation of seed culture was composed of 10 g/L glucose, 5 g/L peptone, and 3 g/L yeast extract at pH 6.0. The stock cultures were transferred to 50 mL YPD medium and incubated at room temperature (30 ± 2°C) and 140 rpm for 24 h before use as seed culture.
BSG and SYC were acid hydrolyzed before use. BSG and SYC were suspended in water at different solid loadings of 5%, 10%, 15% and 24%. The pH was adjusted to 2 using 3 M sulfuric acid solution prior to thermal treatment at 121°C for 20 min [9] . The pH was adjusted back to neutral using 10 N of NaOH. The samples were taken and determined for total sugar and nitrogen content. The solid loadings that gave the highest total sugar were chosen as nutrient sources for the yeasts. After hydrolysis of these wastes, furfural, 5-hydroxymethyl furfural (5-HMF) and acetic acid in the hydrolysate were determined [20] . Figure 1 illustrates the preparation of BSG and SYC as nutrient sources for cultivation of oleaginous yeasts.
Culture conditions
The sugar concentration of BSG and SYC hydrolysates were adjusted to be the same at 40 g/L which was the concentration used for lipid production by the selected oleaginous yeasts [18] and the hydrolysate were added with 0.2 g/L MgSO 4 ·7H 2 O, 0.5 g/L KH 2 PO 4 and 0.1 g/L CaCl 2 ·2H 2 O. The initial pH was 6.0. Fifty mL sterilized medium in a 250 mL Erlenmeyer flask was inoculated with seed culture by 10%. The culture was incubated at room temperature (30 ± 2°C) with shaking speed at 140 rpm for 72 h.
Analytical methods
To determine biomass concentration, the cells were harvested by centrifugation at 8,000 rpm for 15 min and washed with acetone and distilled water. The washed cells were dried in a 105°C hot air oven for 5 h and continuously weighed in a desiccator after cooling [21] . The lipids were extracted from dried biomass in accordance with the modified procedure [22] . Dried biomass was added with 3 mL chloroform/methanol (2:1) and the mixture was sonicated for 20 min. The solvent phase was recovered by centrifugation at 8,000 rpm 15 min. The extraction process was repeated 3 times. The entire solvent was collected and evaporated and the lipids extracted were vacuum-dried and weighed. Total sugar concentration was analyzed by Dubois method using phenol and sulfuric acid [23] . Standard curve of sugar was prepared using the serial concentration of glucose solution (0.2-0.8 mg/mL) in distilled water. The 0.5 mL of each concentration was transferred to test tube and added with 0.5 mL of 5% phenol solution. The mixtures were shaken and added with 2.5 mL conc. sulfuric acid. All mixtures were homogenized by vortex and stand for 10 min. The absorbance at 490 nm of the reaction mixture was measured. The relation between absorbance and glucose concentration was plotted and the total sugar concentration was calculated. The sugar derivatives (furfural and 5-HMF) in BSG and SYC hydrolysates were spectrophotometrically determined [24] . The sugar composition and acetic acid were analyzed using HPLC (Agilent Technology 1200 RID series) with an Aminex-HP-87H column operated at 65°C and a mobile phase containing 0.05 M acid pumped up at a rate of 0.6 mL/ min.
The mean values and normal deviations (mean ± SD) from triplicates were calculated and the significant differences between treatments were evaluated using ANOVA (variance analysis) and the Duncan multi-range test (P < 0.05) SPSS version 20. Table 1 shows the BSG composition that contained mainly 24.49 ± 0.91% w/w hemicellulose, 20.86 ± 0.60% w/w cellulose, 23.05% w/w protein and 9.62% lignin. The composition of BSG used in this study was similar with those previously reported [25] [26] [27] [28] . These compositions may be varied related to the species of barley, collecting time, malting and mashing condition and the quality and type of engine used in the brewing production process [6, 29, 30] . SYC from brewing process is one of interesting nutrient sources due to its high content Table 1) . The high protein content in SYC also indicates its prospective use as an inexpensive protein source [31] . It has been reported that SYC also contained high amounts of vitamins and minerals [32] , which may be suitable as nutrient sources for yeast cultivation. Figure 1 illustrates the preparation of BSG and SYC as nutrient sources for cultivation of oleaginous yeasts. BSG and SYC are both solid wastes that have to be hydrolyzed into fermentable nutrients, i.e. sugars and nitrogen, by acid prior to their use as nutrient sources for the yeasts. The effects of solid loadings on sugar production, nitrogen content, and C/N ratio were evaluated (Fig. 2) . Figure 2a shows the effect of BSG loadings on total sugar, total nitrogen and C/N ratio of the acid hydrolysate. The total nitrogen increased with increasing BSG loading up to 24% while the concentration of total sugar increased up to the maximum level of 33.76 ± 0.67 g/L when using BSG loading at 15%. The use of high solid loading is attractive because it enables a high concentration of hydrolyzed products obtained [28] . However, a higher BSG loading of 24% gave a lower total sugar of 28.10 ± 0.45 g/L. This could be due to either further conversion of sugars into sugar derivatives or mass transfer limitation at high solid loading. It has been reported that the concentration of sugar derivatives in the hydrolysate goes up along with the increasing solid loadings [33] . BSG hydrolysate with the highest total sugar concentration of 33.76 ± 0.67 g/L and the C/N ratio of 47 was selected to cultivate three oleaginous yeasts. The sugar composition analyzed by HPLC showed that BSG hydrolysate was composed of 22.02 ± 0.8% glucose mainly from cellulose, 45.83 ± 1.53% xylose and 32.13 ± 2.3% arabinose from arabinoxylan in hemicellulose. The BSG hydrolysate contained furfural, 5-HMF and acetic acid at 1.58 ± 0.07 g/L, 0.73 ± 0.01 g/L and 1.07 ± 0.04, respectively. It has been reported that these sugar derivatives could hinder the cell growth and lipid accumulation by damaging cell walls and cell membranes and also inhibiting the RNA synthesis in the cells [34] [35] [36] . 5-HMF was less toxic than furfural and several species of oleaginous yeasts can grow even at high concentration of 5-HMF (2.5 g/L) [20, 36] . Depending on the sources of biomass and types of hydrolysis employed, the concentration of these sugar derivatives in the lignocellulose hydrolysate can range between 0.5 and 11 g/L [18, 37] . Figure 2b shows the effect of SYC loadings on the concentrations of total sugar, total nitrogen and C/N ratio in the hydrolysate. It was found that the SYC loading at 24% gave the highest total sugar at 62.12 ± 0.15 g/L followed by 15% (44.97 ± 0.79 g/L). Similarly, the SYC loading at 24% also gave the highest total nitrogen of 7.02 ± 0.01 g/L followed by that at 15% (5.84 ± 0.73 g/L) corresponding to a low C/N ratio of 8.84. The main sugars found in the SYC hydrolysate were glucose (31.43 ± 0.38%) and mannose (69.57 ± 1.04%) which were released from β-glucan and mannan, respectively. Yang et al. [38] also reported that the sugar components in the yeast cells are mainly glucose and mannose. The SYC hydrolysate contained furfural, 5-HMF and acetic acid at 1.88 ± 0.01 g/L, 1.22 ± 0.06 g/L and 1.03 ± 0.03, respectively. In this study, the SYC hydrolysate with the highest total sugar of 62.12 ± 0.15 g/L was used as a nutrient source for cultivation of three oleaginous yeasts. Figure 3 shows the biomass and lipid content of three oleaginous yeasts using BSG hydrolysate at sugar concentration adjusted to 40 g/L. Three yeasts could grow on BSG hydrolysate and gave similar biomass concentration of 6-7 g/L. The lipid content of three oleaginous yeasts ranged from 13% to 24% during mid-log phase and slightly decreased when entering late-log phase. T. spathulata JU4-57 consumed more sugars of 24.18 ± 0.49 g/L than the other two yeasts (17.45 and 19.02 g/L) as shown in Table 2 . The final pH in the medium of three oleaginous yeasts strains were slightly increased from 6.0 to 6.15-6.87. The biomass and lipid content of oleaginous yeasts cultivated on SYC hydroly-sate at sugar concentration of 40 g/L are shown in Fig. 4 . All yeasts could grow on SYC hydrolysate and gave the biomass in the same range of 4.0-4.8 g/L. Among three oleaginous yeasts, T. spathulata JU4-57 and Y. lipolytica TISTR 5151 produced lipids higher than R. mucilaginosa G43. The lipid content of three oleaginous yeasts ranged at 29-39% in the mid-log phase before decreasing to 14-26% in the late-log phase. The sugar consumptions by the yeasts were in the range of 21-28 g/L ( Table 2 ). The final pH in the media of three oleaginous yeasts strains increased up to 7.59-8.43. Since the oleaginous yeasts could grow on both BSG and SYC hydrolysates, it was possible that the concentration of furfural, 5-HMF and acetic acid in the hydrolysates did not severely inhibit the growth of these three yeasts.
RESULTS AND DISCUSSION
Chemical compositions of BSG and SYC
Acid hydrolysis of BSG and SYC
Cultivation of oleaginous yeasts on BSG and SYC hydrolysates
This study has shown that it was possible to use solid wastes from brewing industry as low-cost nutrient sources for cultivation of oleaginous yeasts. Among two solid wastes from brewery industry, BSG better nutrient source for all oleaginous yeasts than SYC possibly due to the suitable sugar compositions (glucose, xylose and arabinose) of BSG hydrolysate for the yeast cell growth. Most of microorganisms metabolize sugars sequentially and normally, glucose is metabolized first followed by other sugars. The sequential utilization of sugars by microorganisms depends on strains and culture conditions [39, 40] . As SYC hydrolysate mainly contained glucose and mannose, it was possible that man- nose was not favorable for cell growth of the yeasts. As a result, all yeasts showed higher growth yields and lipid yields on BSG hydrolysate than SYC hydrolysate ( Table 2) . Among three oleaginous yeasts, T. spathulata JU4-57 gave the highest lipid yields of 62.9 ± 5.67 and 39.9 ± 0.62 mg/gsubstrate on BSG and SYC hydrolysates, respectively. The lipid content and lipid yield in this study were in line with those previously reported by other researchers. Liang et al. [41] and Zhang et al. [42] found that the lipid content of oleaginous yeasts varied from 20-60% depending on the types and concentrations of carbon sources used. Saenge et al. [43] studied the lipid production by Rhodotorula glutinis with additional ammonium sulfate as a nitrogen source. They found that the yeast gave a lipid yield of 38.12 mg/g-substrate. Poli et al. [44] reported that the lipid yield of Yarrowia lipolytica QU21 growing on glycerol (10%) as a carbon source and ammonium sulfate (0.1%) as a nitrogen source was only 14.8 mg/g-substrate. Galafassi et al. [20] found that Rhodotorula graminis cultivated on xylose as a carbon source gave a lipid yield of 37 mg/g-substrate.
CONCLUSIONS
This study has shown the possibility of using BSG and SYC from brewery industry as low-cost nutrient sources for lipid production by the oleaginous yeasts. BSG and SYC hydrolysates contained high amounts of fermentable sugars and considerable amount of nitrogen. Three yeasts grew better on BSG hydrolysate but accumulated lipids less than those that grew on SYC hydrolysate. Among the yeasts tested, T. spathulate JU4-57 was the most potential yeast for being cultivated in both hydrolysates and producing lipids. This study may contribute greatly to the low-cost production of oil sources for biodiesel production and may help to increase the environmental and economic sustainability of the brewery business.
